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Abstract
Sufficient protein intake has been suggested to be important for preventing physical frailty, but studies show conflicting results which may be
explained because not all studies address protein source and intake of other macronutrients and total energy. Therefore, we studied 2504
subjects with data on diet and physical frailty, participating in a large population-based prospective cohort among subjects aged 45+ years (the
Rotterdam Study). Dietary intake was assessed with a FFQ. Frailty was defined according to the frailty phenotype as the presence of at least
three out of the following five symptoms: weight loss, low physical activity, weakness, slowness and fatigue. We used multinomial logistic
regression models to evaluate the independent association between protein intake and frailty using two methods: nutrient residual models and
energy decomposition models. With every increase in 10 g total, plant or animal protein per d, the odds to be frail were 1·06 (95% CI 0·98,
1·15), 0·87 (95% CI 0·71, 1·07) and 1·07 (95% CI 0·99, 1·15), respectively, using the nutrient residual method. Using the energy partition model,
we observed that the odds to be frail were lower with higher vegetable protein intake (OR per 418·4 kJ (100 kcal): 0·61, 95% CI 0·39, 0·97),
however, results disappeared when adjusting for physical activity. For energy intake from any source we observed that with every 418·4 kJ
(100 kcal) increase, the odds to be frail were 5% lower (OR: 0·95, 95% CI 0·93, 0·97). Our results suggest that energy intake, but not protein
specifically, is associated with less frailty. Considering other macronutrients, physical activity and diet quality seems to be essential for future
studies on protein and frailty.
Key words: Physical frailty: Protein intake: Protein source: Energy adjustment: Population-based studies
In general, frailty is considered a state of increased vulnerability
to stressor events, resulting in an increased risk of adverse
health outcomes including disabilities, hospitalisation, institu-
tionalisation and mortality(1,2). The exact operationalisation and
methods to measure frailty remain a matter of debate. One
approach to conceptualise frailty is as a physical state using the
frailty phenotype. The frailty phenotype defines frailty as a
geriatric syndrome characterised as the presence of at least
three out of the following five appearances: unintended weight
loss, low physical activity, weakness, slowness and fatigue(3).
The frailty phenotype has been associated with low quality of
life, poor cognitive functioning, hospitalisation, institutionalis-
ing, cachectic chronic diseases and mortality in older adults(4–8).
The estimated prevalence of physical frailty in community-
dwelling older adults is around 10% in Western countries and
the prevalence of pre-frailty (i.e. the presence of one or two of
the five symptoms) is around 40%(9,10). The high prevalence of
the frailty syndrome and its severe impact on quality of life and
health make the identification of risk factors and the develop-
ment of preventive strategies essential.
A healthy diet has been proposed as one of the key factors to
prevent or postpone frailty. Frail individuals have a lower intake of
energy, protein, fibre and several micronutrients (e.g. vitamin D,
vitamin C and folate) compared with non-frail individuals(11–14).
Because physical frailty is highly influenced by loss of muscle
mass and muscle strength (sarcopenia)(15,16), the beneficial
effect of protein intake has received particular attention. Dietary
protein stimulates skeletal protein synthesis and insufficient
supply can affect muscle integrity(17,18). Nevertheless, although
several, not all observational, studies report a beneficial asso-
ciation of protein intake with frailty(14,19–22), inconsistencies
could be caused by other factors that may influence the
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association, such as physical activity(23–25) and protein source
(i.e. plant v. animal-derived)(13,26). It has been proposed that
protein from animal food sources might be more protective
because they are generally richer in essential amino acids such
as leucine(27,28). In addition, an association between higher
protein intake and lower frailty could merely be caused by
higher overall consumption of other nutrients or total energy
intake: a dietary pattern high in proteins could represent a diet
with more optimal overall nutrient intake and higher energy
intake(29,30), which have both been associated with a lower
frailty risk(12,31). An overall low-energy intake could lead to
undernutrition and muscle waste, leading to more frailty. More
specifically, weakness and wasting of muscle mass due to
chronic illness (cachexia) could also be associated with low
total energy intake. Furthermore, emerging evidence suggest a
non-linear association for protein, as protein intake may only be
beneficial if levels above the recommended daily allowance
(RDA) are consumed(32). The RDA is based on the minimal daily
requirement for protein resulting in a whole body net N balance
of zero, currently estimated to be 0·8 g/kg body weight (BW) for
the general population(33,34). The PROT-AGE Study Group
suggests that older adults need a higher protein intake, in the
range of 1·0–1·2 g/kg BW, to maintain their muscle mass(35).
Therefore, it is important to consider the overall diet and
macronutrient substitution effects when examining the asso-
ciation between protein intake and frailty.
To better understand the association between dietary protein
consumption and physical frailty in the context of the overall
diet, we aimed to examine the association between dietary
protein consumption from different food sources (plant and
animal derived) and frailty, using different methods to account
for intake of total energy, other macronutrients and diet quality.
We further aimed to evaluate whether the risk of being frail or
pre-frail is lower in subjects consuming at least 0·8 or 1·2 g/kg
per BW of protein daily.
Methods
Study design and participants
This study was embedded in the Rotterdam Study (RS), an
ongoing population-based cohort among middle-aged and
older adults aged 45 years and over. Currently there are almost
15 000 subjects participating in the RS who were included
between 1990 and 2006. The first wave (RS-I) started in 1990
and comprised 7983 participants (out of 10 215 invited), the
second wave (RS-II) was established in the year 2000 and
comprised 3011 participants (out of 4472 invitees) and the third
wave (RS-III) started in the year 2006 and comprised 3936
participants (out of 6057 invited). Follow-up measurements
were performed every 3–5 years. At each round, participants
were interviewed at home and subsequently invited to the
research centre for a comprehensive set of examinations. This
study was conducted according to the guidelines laid down in
the Declaration of Helsinki, and all procedures involving
human subjects were approved by the Medical Ethics Com-
mittee of the Erasmus MC and by the Ministry of Health, Welfare
and Sport of the Netherlands, implementing the Wet
Bevolkingsonderzoek: ERGO (Population Studies Act: Rotter-
dam Study). All participants provided written informed consent
to participate in the study and to obtain information from their
treating physicians. Details regarding the design, selection
procedure and objectives are provided elsewhere(36).
Frailty phenotype
Data on all components of frailty were assessed in the fifth
round of RS-I (RS-I-5, n 2147) and the third round of RS-II
(RS-II-3, n 1893). For the current study, we included all parti-
cipants from these waves who had valid information on both
dietary intake and frailty (n 2504, 62%). Frailty was measured
using the physical frailty phenotype developed by Fried et al.(3),
which was previously applied to the RS participants(10). This
concept defines frailty according to five pre-defined symptoms:
weight loss, low physical activity, weakness, slowness and fati-
gue. Individuals with three or more of these symptoms are
defined as frail, those with one or two as pre-frail and those with
none as non-frail. We defined weight loss as losing more than
5% of BW during the past half-year. A low physical activity level
was described as spending <1130kJ/week (<270kcal/week) for
women and <1602 kJ/week (<383 kcal/week) for men on
physical activity, estimated using a self-reported questionnaire
including items on walking, cycling, sports, gardening, hobbies
and housekeeping(3). Weakness was defined as poor grip
strength, estimated using a handgrip dynamometer. Poor grip
strength was defined using cut-offs stratified according to sex
and BMI, as defined by Fried et al.(3). Slowness was assessed
using comfortable walking speed measured with the GAITRite
walkway (CIT Systems Inc.). Slowness was defined as a velocity
of <0·76m/s if height was over 173 cm for males and over
159 cm for females or <0·65m/s if participants were shorter(3).
Participants were classified as feeling fatigue if they answered
‘frequently’ or ‘mostly’ to at least one of the following questions
(1) ‘I felt that everything I did was an effort’ or (2) ‘I could not
get going’. These questions were adapted from the Center for
Epidemiological Studies Depression scale(37). To calculate the
overall frailty phenotype, we only included participants with at
least three positively or three negatively evaluated symptoms.
Dietary assessment
A validated self-administrated FFQ consisting of 389 food and
beverage items was applied to estimate dietary intake. Partici-
pants provided information on the type of food, portion size
and preparation method of foods consumed in the last month.
Standardised household measures were used to calculate por-
tion sizes and g/d. The Dutch Food Composition Table of 2006
and 2011 was used to calculate average daily intakes of energy,
macronutrients and micronutrients. The FFQ was previously
validated in two other Dutch populations against a 9-d dietary
record (n 120 852)(38) and against a 4-week dietary history
(n 191)(39). Both validation studies showed that the FFQ is able
to adequately rank participants according to their intake
(Pearson’s correlations for nutrient intakes ranged between 0·40
and 0·86). The Pearson’s correlations for total energy intake,
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total dietary protein, plant protein and animal protein were
0·61, 0·77, 0·61 and 0·74, respectively(38).
We calculated total protein intake, animal protein intake
and plant-derived protein intake in g/d. Protein from
meat, dairy, fish and eggs were defined as animal derived.
Plant-derived proteins included proteins from vegetables,
legumes, meat substitutes, nuts and cereals. Furthermore, we
calculated for each participant whether the RDA for protein
intake was met, defined as 0·8 g/kg per BW(33,34) or as 1·2 g/kg
per BW(35).
As measure of overall diet quality, we calculated adherence
to the Dutch dietary guidelines of 2015(40) using the Dutch
Dietary Guideline Score(41). The score includes fourteen com-
ponents: high consumption of vegetables (≥200 g/d), fruit
(≥200 g/d), whole-grain products (≥90 g/d), legumes (≥135/
week), nuts (≥15 g/d) and fish (≥100 g/week); replacement of
refined cereal products by whole-grain products (≥50% of total
grains); replacement of butter, hard margarines and hard
cooking fats by soft margarines, liquid cooking fats and vege-
table oils (≥50% of total fats); and limited intake of red meat
and processed meat (<300 g/week), sugar-containing beve-
rages (≤150ml/d), alcohol (≤10 g/d) and salt (≤6 g/d). For all
fourteen components every participant could score 0 (no
adherence) or 1 (adherence), resulting in a total sum score with
a range from 0 (zero adherence) to 14 (full adherence)(42).
Covariates
Age was calculated as the years between date of birth and date
of the first visit to the research centre. Weight (kg) and
height (cm) were measured at the research centre, and BMI
(kg/m2) was calculated and categorised as underweight
(BMI <18·5 kg/m2), normal weight (≥18·5 BMI <25 kg/m2),
overweight (25≤BMI< 30 kg/m2) and obesity (BMI ≥30kg/m2).
Information on cigarette smoking status (never, former or
current) was collected through self-report. Education and
income were assessed using questionnaires. Education was
presented in four categories: primary education with or without a
partially completed higher education (primary), lower vocational
or lower secondary education (lower), intermediate vocational
education or general secondary (intermediate) and higher
vocational or university education (higher). Living situation,
assessed using a questionnaire, was divided into independent
living, sheltered living and nursing home. Presence of comor-
bidities was defined as having or having had at least one of the
following chronic diseases: cancer (past 5 years), CVD, chronic
obstructive pulmonary disease or diabetes mellitus. As described
above, physical activity was assessed using a self-administered
questionnaire. Answers on frequencies and durations were
translated into metabolic equivalent of task (MET) values(43).
MET values are based on the amount of energy spent on an
activity compared with the standard resting metabolic rate
(4·184 kJ/kg per h (1·0 kcal/kg per h)). For example, sitting has
an MET score of 1·0–1·5, light-intensity activity (e.g. watching
television, working behind a desk) has an MET score of 1·6–2·9
and most sports have MET scores above 6. An average MET
value per day was calculated for each participant.
Statistical analysis
Characteristics of the study population were provided as mean
and standard deviations for continuous variables and as per-
centage for categorical variables, for the full study population
and stratified by frailty status (non-frail, pre-frail and frail).
Differences in baseline characteristics between the frailty
groups were assessed with χ2 statistics (categorical variables) or
ANOVA (continuous variables). The Pearson correlation
between protein intake, exercise, BMI and frailty was
calculated.
To assess the association between protein intake and the
prevalence of frailty, we used multinomial logistic regression
models using the frailty categories as dependent variable (non-
frail as the reference group) and total dietary intake as expo-
sure. First, associations between total protein, plant protein,
animal protein and frailty were analysed. We used two different
methods to assess this association: nutrient residual models and
energy decomposition models(44). For the residual method, we
used energy-adjusted residuals of protein intake, and total
energy intake was additionally included in the model as a
covariate(44). To increase interpretability, the predicted protein
intake for the mean energy intake (8397 kJ/d (2007 kcal/d))
was added to the protein residuals as a constant and protein
was analysed per 10 g/d. We additionally tested if it matters
whether protein was consumed at the expense of total carbo-
hydrates or total fat by including these macronutrients one at a
time. In these models, the regression coefficient for protein
consumption could be interpreted as the association with frailty
per 10 g/d increase in protein, replacing an isoenergetic amount
of other macronutrients. For the energy decomposition
method(44), we included total energy from proteins (per
418·4 kJ/d (per 100 kcal/d)) as the main exposure and energy
from all other macronutrients combined as a confounder in the
model. The coefficients can be interpreted as the difference in
frailty risk per increase in 418·4 kJ/d (100 kcal/d) from protein
while intake of other macronutrients is held constant, thus
resulting in net higher energy intake. We additionally repeated
these analyses for total energy from carbohydrates and total
energy from fats. For the second aim, to test for a threshold
effect of protein intake on frailty status, we examined whether
meeting the current RDA of 0·8 g/kg per BW (yes or no) was
associated with frailty status. In addition, we used 1·2 g/kg per
BW as a cut-off of daily allowance.
For each of the aims, we used four levels of confounder
adjustment: a basic model (model 1): adjusted for sex, age,
cohort and total energy intake. In our main model (model 2)
education, BMI, smoking status and diet quality were added
in addition to the confounders in model 1. These covariates
were entered into the models as they influenced the estimate
of protein intake in the basic model with more than 10%. In
a third model (model 3), physical activity was added, for
which we created a separate model because the overlap in
physical activity and frailty could cause over-adjustment. In
all models, analyses with plant protein intake were adjusted
for animal protein intake and vice versa. Results of the
logistic regression were summarised with OR and their cor-
responding 95% CI.
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As a sensitivity analysis, we examined effect modification by
sex, age, BMI, diet quality and physical activity by adding an
interaction term between protein intake and mentioned vari-
ables in the main model (model 2), and physical activity and
protein intake in model 3.
We used a multiple imputation procedure (n 10 imputations)
to impute the missing values of the covariates. Multicollinearity
was checked with the variance inflation factor (VIF) of linear
regression analysis. All VIF values (except interaction terms or
dummy variables) were lower than 10, indicating that there was
no strong multicollinearity. IBM’s SPSS Statistics (version 21)
software package was used to analyse the data and values of
P< 0·05 (two-sided) were considered statistically significant.
Results
Characteristics of the study population
Of the 2504 participants, 108 were classified as frail, 1309 as
pre-frail and 1087 as non-frail. The distribution of sex, age,
education, living situation, BMI and physical activity differed
significantly between the three frailty groups (Table 1). Further-
more, the average macronutrient intake and physical activity
levels of pre-frail and frail participants were lower than those of
thenon-frail participants (Table 1). The average total daily protein
intake was 78·9 (95% CI 77·4, 80·3), 76·3 (95% CI 75·0, 77·7) and
71·1 (95% CI 64·9, 77·4) g/d for the non-frail, pre-frail and frail
participants, respectively, and this corresponds to 15·6, 15·7 and
15·8 E% . In all, 75·7, 71·4 and 68·6% of the non-frail, pre-frail and
frail participants adhered to the RDA of 0·8 g/kg per BW. The
average score on theDutchDietaryGuideline Scorewas 6·8 (95%
CI 6·7, 6·9) and did not significantly differ between the frailty
groups (Table 1). Protein intake expressed in g/d was univariate
associated with hours of physical activity and frailty and expres-
sed as E% with BMI (Fig. 1).
Protein intake and frailty using nutrient residual models
In the nutrient residual method, total protein intake was not
associated with being either pre-frail or frail (Table 2). Protein
intake from vegetable sources was associated with being pre-
frail in model 2 (OR 1·08, 95% CI 1·01, 1·15), but not with being
frail (Table 2) and was no longer significant after adjusting for
physical activity. No association between protein intake from
animal sources and frailty status was observed (Table 2). Diet
quality did lightly attenuate the association between protein
intake and frailty but not significantly. Diet quality itself was not
associated with pre-frailty (OR 1·01, 95% CI 0·97, 1·06, model 2)
or frailty (OR 0·95, 95% CI 0·90, 1·01). Substitution models in
which we examined a higher protein intake at the expense of
either fat or carbohydrates did not materially change the asso-
ciation of protein intake and frailty (data not shown).
Protein intake and frailty using energy decomposition
models
When applying the energy decomposition method, no asso-
ciation was observed between higher intakes of energy from
total protein with frailty (Table 3). In model 2, higher levels of
energy from plant protein were associated with a higher risk to
be pre-frail (OR 1·15, 95% CI 0·98, 1·35) and with a lower risk to
be frail (OR 0·61, 95% CI 0·39, 0·97); but after adjusting the
models for physical activity in model 3, these associations were
no longer significant (Table 3). In these fully adjusted models
(model 3) also energy from fat or energy from carbohydrates
were not associated with prevalence of frailty (Table 3). How-
ever, we observed that total energy intake (i.e. from any
macronutrient source) was significantly associated with lower
prevalence of pre-frailty and frailty, even after adjustment for
physical activity (Table 3).
Recommended daily allowance of protein intake and frailty
In the main models (model 2), participants who adhered to the
RDA of 0·8 g protein/kg BW (n 1831/2504) were not less likely
to be frail than participants consuming less protein: OR 1·04
(95% CI 0·92, 1·17) for pre-frailty and 1·34 (95% CI 0·99, 1·80)
for frailty. Also participants who consumed on average at least
1·2 g protein/kg BW (n 652/2504) were not less likely to be pre-
frail (OR= 1·02, 95% CI 0·90, 1·15) or frail (OR= 1·04, 95% CI
0·72, 1·39) than participants who consumed less protein.
Additional adjustment by physical activity or diet quality did not
alter the results.
Sensitivity analyses
The interaction terms for physical activity with protein intake,
sex and protein intake, age and protein intake and diet quality
and protein intake were not significant (all P-values <0·05) in all
the models. We did find a significant interaction between BMI
and protein intake. When models were stratified in strata of
BMI, power became very limited. Although we found some-
what stronger associations between frailty and protein in par-
ticipants with a BMI >25 kg/m2, the overall results remained
similar as obtained for the whole group and most significant
results disappeared after adjustment for physical activity.
Discussion
In this population-based study of middle-aged and older adults,
we did not observe any consistent association between either
relative or absolute protein intake, type of protein and the frailty
phenotype. We observed that a higher energy intake was
associated with being less frail, but this was not specifically
explained by specific macronutrient composition.
Although the association between protein intake and mus-
cular health has been extensively studied, associations with
frailty are limited(14,19–22). Our unadjusted results showed that
frail participants consumed on average 7·8 g less protein/d than
non-frail participants. Nevertheless, we observed in our multi-
variable models that this difference was explained by an overall
lower energy intake of frail participants and not by any parti-
cular macronutrient. Previous studies on protein intake and
frailty showed somewhat conflicting results. One of the first
studies to assess the association between protein intake and
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frailty was performed by Bartali et al.(45), among 802 Italian
older persons (aged 65 years and over). They observed that
subjects in the lowest quintile of protein intake (men <66 g;
women <55 g) were more likely to be frail in energy-adjusted
models. However, they only adjusted for energy by including kJ
in the model as a dichotomous variable, thus results may still
Table 1. Main characteristics of the study population
(Numbers and percentages; mean values and 95% confidence intervals)
Full population Non-frail Pre-frail Frail
Baseline characteristics n % n % n % n % P*
n 2504 1087 1309 108
Sex <0·001
Males 1109 44·3 525 48 547 42 37 34
Females 1395 55·7 562 52 762 58 71 66
Age (years) <0·001
Mean 74·9 73·3 75·9 80·7
95% CI 74·7, 75·2 73·0, 73·6 75·5, 76·2 79·5, 81·8
Education 0·001
Primary education 155 6·3 50 4·6 96 7·3 13 12
Lower education 1057 43 454 42 567 43 52 48
Intermediate education 815 33 368 34 440 34 30 28
Higher education 425 17 215 20 203 16 13 12
Living situation 0·024
Independent 2243 90 996 92 1159 89 89 82
Sheltered living 251 10 88 8·1 144 11 19 18
Nursing home 4 0·2 2 0·2 2 0·2 0 0
Smoking 0·62
Never smoker 799 32 336 31 429 33 34 31
Former smoker 1416 57 633 58 721 55 62 57
Current smoker 291 12 118 11 159 12 12 11
Weight status <0·001
Weight (kg)
Mean 76·9 77·9 76·5 72·3
95% CI 76·4, 77·4 77·1, 78·7 75·7, 77·2 69·4, 75·2
Underweight (BMI <18·5 kg/m2) 10 0·4 2 0·2 7 0·5 1 0·9
Normal weight (18·5 BMI <25 kg/m2) 712 28 324 30 347 27 41 38
Overweight (25 BMI <30 kg/m2) 1222 50 558 51 622 68 42 39
Obese (BMI ≥30 kg/m2) 560 22 203 19 333 25 24 22
Physical activity (MET score) <0·001
Mean 56·0 62·25 52·63 35·18
95% CI 53·9, 58·2 58·80, 65·68 49·69, 55·59 27·55, 42·80
Dietary intake
Energy intake (kJ/d) <0·001
Mean 8397 8678 8318 7807
95% CI 8293, 8506 8506, 8845 8171, 8473 7217, 8401
Energy intake (kcal/d) <0·001
Mean 2007 2074 1988 1866
95% CI 1982, 2033 2033, 2114 1953, 2025 1725, 2008
Carbohydrate intake (g/d) <0·001
Mean 226·7 232·6 226·0 211·0
95% CI 223·4, 229·9 227·3, 237·8 221·4, 230·5 194·1, 228·0
Fat intake (g/d) 0·004
Mean 72·5 74·6 71·8 69·2
95% CI 71·1, 73·9 72·5, 76·8 69·8, 73·7 61·8, 76·5
Protein (g/d) <0·001
Mean 76·9 78·9 76·3 71·1
95% CI 75·9, 77·8 77·4, 80·3 75·0, 77·7 64·9, 77·4
Plant protein (g/d) <0·001
Mean 30·1 31·1 30·1 27·4
95% CI 29·7, 30·5 30·4, 31·7 29·4, 30·7 24·8, 29·9
Animal protein intake (g/d) 0·011
Mean 46·9 47·9 46·4 43·9
95% CI 46·2, 47·7 46·8, 49·0 45·4, 47·5 38·9, 48·9
Adherence to protein RDA 0·8 g/kg per BW 1831 73·1 823 75·7 934 71·4 74 68·5 <0·001
Adherence protein RDA 1·2g/kg per BW 652 26·0 303 27·9 324 24·8 25 23·1 0·031
Dietary guidelines score 0·41
Mean 6·82 6·83 6·83 6·55
95% CI 6·74, 6·89 6·72, 6·94 6·73, 6·93 6·22, 6·88
MET, metabolic equivalent of task; RDA, recommended daily allowance; BW, body weight.
* P-values for differences in characteristics between the three frailty groups, assessed with χ2 tests for categorical variables or ANOVA for continuous variables.
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partly be explained by energy intake. A later study observed
that protein intake of at least 1 g/kg per BW was associated,
adjusted for total energy intake (continuous), with lower odds
to be frail and did not find an association between total energy
and frailty(46). The frail sample was relatively small (n 55) and
protein intake was estimated using one 24 h recall, providing a
limited estimate of habitual diet. Kobayashi et al.(47) also found
an inverse association between total protein intake (in quintiles)
and frailty in Japanese women adjusted for total energy intake
but not for physical activity. We could not replicate these
results. In line with our findings, Shikany et al.(31) did not
observe an association between protein intake in quintiles and
frailty in energy-adjusted models and Bollwein et al.(48),
observed no difference in frailty status between subjects in
higher than subjects in the lowest quartile of energy-adjusted
protein intake.
The contradictory results could be explained by the lack of
adjustments for energy and/or physical activity in most previous
studies. Indeed, most studies that do adjust for energy intake
observed that the effect estimates became smaller(45,46). We
found that a higher energy intake was associated with being
less frail, which was not specifically explained by protein intake
or any other macronutrient. The overall association between
frailty and energy can be explained by several factors. First, frail
participants are more likely to have lower general health status
that can be associated with lower appetite and/or other eating
disabilities (e.g. difficulties with chewing). Second, frail parti-
cipants are less physical active, thereby they need less energy
and are also likely to consume less kJ. Although we adjusted
models for physical activity to rule out that the association is
completely explained by physical activity, there may be some
residual confounding. Third, the component of energy loss in
frail participants is likely to be associated with low energy
intake. Our finding was contradictory to the results of Rahi
et al.(46) who concluded that not higher energy intake but
higher protein consumption was associated with a lower frailty
prevalence. Because our study population was relatively heal-
thy, consumed high levels of protein and were physically
active, we might have missed a possible protective effect of
protein intake in less vital subjects, as it has been found that
protein supplementation is mainly beneficial in less healthy
individuals or in those consuming little dietary protein(49–51). In
addition, BMI could play an important role in the association
between protein intake and frailty. Sarcopenic obesity is a
serious condition, in which people have too much fat but too
little muscle mass(52). It could be that in this specific sub-
population protein intake does play an important role. Future
research with larger populations should focus on better
understanding the role of BMI and protein in the development
of frailty and sarcopenia(53).
It has been implied that not only total protein intake but the
protein source is important to prevent frailty, with stronger
effects for protein from animal food sources because they are
generally richer in essential amino acids such as leucine(27,28).
Contradictory to this theory and in line with others(47,54), we did
not observe differences between animal and plant protein. It
could be that a high amount of animal protein in theory has a
beneficial effect on muscle health, but because it is also asso-
ciated with a less optimal dietary pattern (e.g. high in red meat
and fats), the beneficial effect on frailty is diminished. A high
intake of plant protein (e.g. high in legumes, lentils) is generally
associated with a more optimal dietary pattern that could
beneficially affect frailty. Indeed, although evidence is scarce,
studies suggest that dietary patterns influence frailty
status(12,31,55,56).
Overall, our cross-sectional findings suggest that in a popu-
lation with a relatively healthy diet, high protein intake and high
physical activity, total energy intake is more important than
macronutrient content in the relation with frailty. Nevertheless,
there is a complex interaction between physical activity, energy
and protein intake, BMI and muscle preservation. Optimising
dietary protein could help in the prevention of frailty but other
important topics including appetite control, physical activity,
BMI, energy balance and dietary quality should be taken into
consideration as well. Future efforts should take all these topics
into account to better understand their interactions and
pathways(57).
The major strengths of our study are the population-based
setting, the high quality and detail of the measurements and the
use of different statistical methods to consider the possible
modifying or confounding effect of total energy and dietary
quality. However, there are also several limitations that need to
be considered. First, our analyses are cross-sectional which
makes the assessment of temporal direction and causality
between protein intake and frailty impossible. It could be that
due to reversed causation we did not find an association, as frail
older adults may have adapted their dietary behaviour towards
a more protein-dense pattern. In the subgroup without chronic
disease, we did not find a preventive effect of protein either.
Second, for some results, confidence intervals around the effect
estimates were rather large, probably caused by a low number
of cases in the subgroups. This could have resulted in a type 2
error and failure to detect significant effects. Third, we used
slightly modified criteria of the phenotypic criteria. It was
unknown whether weight loss was intended or unintended,
and we used different questionnaires to estimate the physical
activity and the exhaustion criterion. This could have led to
differences in the frailty prevalence(58). In addition to the phe-
notype of frailty, there are several other, broader definitions of
frailty (e.g. the frailty index or the Tilburg Frailty Indicator). In
the current study, we did not evaluate whether and how protein
intake could influence frailty defined by other operationaliza-
tions. Fourth, we used self-reported dietary intake using a
r –0.11*
r –0.08*
r 0.05*
g/d r 0.02
E% r 0.16*
g/d r 0.08*
E% r 0.02
Exercise
Protein
FrailtyBMI
Fig. 1. Suggested directions, associations present Pearson correlation
coefficients. * Significant associations (P<0·05).
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validated FFQ. Although an FFQ is an appropriate method to
rank subjects according to their habitual diet, the use of an FFQ
could lead to underreported absolute energy and protein
intake(31). Indeed the reported average energy intake of our
population seems low, considering the relatively high percen-
tage of overweight and obese participants. It has been
suggested that using such uncalibrated measures could under-
estimate the association between protein intake and frailty(54).
Furthermore, the FFQ cannot be used to evaluate the distribu-
tion of protein intake over the day, which has been suggested to
be important to prevent frailty in the addition of total
amount(48). Last, we applied two cut-off values for protein
Table 3. Association between protein intake and pre-frailty and frailty, using the energy partition model, multinomial logistic
regression analyses
(Odds ratios and 95% confidence intervals per 418·4 kJ protein/d (100 kcal protein/d))
Pre-frail Frail
OR 95% CI OR 95% CI
Energy for any source (per 418·4 kJ (per 100 kcal))
Model 1† 0·98* 0·97, 0·99 0·95* 0·92, 0·98
Model 2‡ 0·98* 0·98, 0·99 0·95* 0·93, 0·97
Model 3§ 0·99 0·97, 1·00 0·95* 0·92, 0·99
Energy from protein (per 418·4 kJ (per 100 kcal))
Model 1† 1·04 0·92, 1·18 1·11 0·80, 1·54
Model 2‡ 1·01 0·95, 1·08 1·09 0·92, 1·29
Model 3§ 1·02 0·90, 1·16 1·11 0·80, 1·54
Energy from plant protein (per 418·4 kJ (per 100 kcal))
Model 1† 1·18 0·89, 1·56 0·57 0·26, 1·28
Model 2‡ 1·15* 0·98, 1·35 0·61* 0·39, 0·97
Model 3§ 1·17 0·85, 1·59 0·62 0·25, 1·50
Energy from animal protein (per 418·4 kJ (per 100 kcal))
Model 1† 1·00 0·88, 1·14 1·19 0·87, 1·63
Model 2‡ 0·98 0·92, 1·05 1·14 0·97, 1·34
Model 3§ 0·99 0·87, 1·13 1·16 0·85, 1·60
Energy from carbohydrates (per 418·4 kJ (per 100 kcal))
Model 1† 0·99 0·96, 1·02 0·93 0·86, 1·01
Model 2‡ 1·00 0·97, 1·02 0·93* 0·89, 0·97
Model 3§ 1·00 0·97, 1·03 0·94 0·86, 1·02
Energy from fats (per 418·4 kJ (per 100 kcal))
Model 1† 0·99 0·96, 1·03 1·01 0·94, 1·09
Model 2‡ 1·00 0·98, 1·01 1·01 0·94, 1·09
Model 3§ 1·00 0·96, 1·03 1·01 0·94, 1·09
* P <0·05.
†Model 1 adjusted for age, sex and total energy intake (kJ) from other macronutrient sources. Models with plant protein intake are additionally adjusted for
animal protein intake and vice versa.
‡ Model 2 adjusted for age, sex and total energy intake (kJ) from other macronutrient sources, smoking status, education, diet quality and BMI.
§ Model 3 adjusted for age, sex and total energy intake (kJ) from other macronutrient sources, smoking status, education, diet quality and BMI and physical
activity.
Table 2. Association between protein intake and pre-frailty and frailty, using the nutrient residual method, multinomial regression
analyses*
( Odds ratios and 95% confidence intervals per 10 g protein increase per d)
Pre-frail Frail
OR 95% CI OR 95% CI
Total protein intake (per 10 g/d)
Model 1† 1·03 0·97, 1·09 1·07 0·92, 1·25
Model 2‡ 1·01 0·98, 1·04 1·06 0·98, 1·15
Model 3§ 1·02 0·96, 1·08 1·07 0·92, 1·24
Plant protein intake (per 10 g/d)
Model 1† 1·10 0·97, 1·24 0·85 0·60, 1·22
Model 2‡ 1·08 1·00, 1·15 0·87 0·71, 1·07
Model 3§ 1·08 0·94, 1·24 0·88 0·59, 1·30
Animal protein intake (per 10 g/d)
Model 1† 1·02 0·97, 1·08 1·08 0·94, 1·25
Model 2‡ 1·01 0·98, 1·04 1·06 0·99, 1·15
Model 3§ 1·01 0·95, 1·07 1·07 0·93, 1·24
* Reference category: non-frail.
† Model 1 adjusted for age, sex and total energy intake (kJ). Models with plant protein intake are additionally adjusted for animal protein intake and
vice versa.
‡ Model 2 adjusted for age, sex and total energy intake (kJ), smoking status, education, diet quality and BMI.
§ Model 3 adjusted for age, sex and total energy intake (kJ), smoking status, education, diet quality and BMI and physical activity.
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intake. Nevertheless, there is an ongoing debate on protein
requirements and different requirements have been sug-
gested(59–61). In conclusion, our results suggest that the overall
dietary energy intake, rather than protein intake or intake of
other macronutrients, is inversely associated with frailty. It is
therefore important to further study the incidence of frailty over
time and how this relates to dietary energy intake, protein
intake and protein sources. Future studies should examine how
sufficient energy intake may prevent frailty and whether spe-
cific groups may need particular dietary interventions for pre-
venting frailty, for example, in older adults who do not
consume sufficient proteins, have a low physical activity level
or already have a low muscle mass.
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